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ABSTRACT 
I A superconducting magnetic b o t t l e  consis t ing of two mirror c o i l s ,  a c e n t r a l  f i e l d  c o i l ,  and a c y l i n d r i c a l  cusp f i e l d  c o i l ,  has been designed and constructed 
of Nb-25$ Z r  cable. 
involved i n  using superconducting mater ia ls  t o  produce magnetic f i e l d s  usefu l  
duced i n  4-in. inside diameter c o i l s  with a superimposed quadrupole cusp f i e l d  
f o r  experiments i n  plasma physics. Fields as intense as 50 kG have been pro- 
of 5 t o  10 percent of the  center  f i e l d  and a mirror  r a t i o  of 2. 
The configuration w a s  designed t o  invest igate  the problems 
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INTRODUCTION 
Magnetic f i e l d s  f o r  plasma physics experiments have been produced i n  many 
s izes ,  configurations,  and f i e l d  strengths.  I n  many cases t h e  experiments have 
been handicapped by l imited power, l imited f i e l d  s t rength,  or durat ion of exper- 
iments by i n s u f f i c i e n t  power or inadequate cooling f o r  t h e  magnet c o i l s .  I n  
addi t ion,  the heavy c o i l s ,  support s t ruc ture ,  and cooling passages have i n t e r -  
fered with f r e e  access t o  the  center l ine of t h e  magnetic f i e l d s .  
Now, the  r a p i d l y  developing techniques of manufacture of superconducting 
magnets o f f e r s  a so lu t ion  t o  these  d i f f i c u l t i e s  while introducing only the  addi- 
t i o n a l  problem of liquid-helium environment f o r  t h e  magnetic c o i l s .  The L e w i s  
Research Center of NASA has been studying the  appl ica t ion  of superconducing 
magnets t o  plasma physics. One such apparatus, described by RothLl], has per- 
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formed well  i n  a c t u a l  use during t h e  past  several  months. This device cons is t s  
of a s p l i t  p a i r  of superconducting c o i l s  each enclosed i n  i t s  separate helium 
dewar. The separation between t h e  dewars i s  adjustable  by i n s e r t i n g  support 
rods of d i f fe ren t  lengths.  The inner diameter of the  25-kG c o i l s  i s  about 7 in .  
and the separation can be var ied from approximately 6 t o  2 1  in.  The system Of 
c o i l s  described i n  t h i s  paper w a s  designed t o  study t h e  use of superconducting 
c o i l s  a t  higher f i e lds  and i n  other configurations than those now i n  use f o r  
plasma physics experiments at  Lewis Research Center, Among t h e  configurations 
t o  be studied a r e  those deemed most su i tab le  f o r  s tab le  plasma containment 
(such as the Ioffe  cusp f ie lds"]  ) . The mirror c o i l s  were designed (using the  
methods of r e f s  3 t o  5) t o  produce 50 kG on t h e  c e n t r a l  a x i s  ( see  Fig. 1). 
mirror r a t i o  of 2 was provided and a more uniform c e n t r a l  f i e l d  w a s  produced by 
i n s e r t i n g  a t h i r d  c o i l  between the  s p l i t  pa i r .  I n  addi t ion  a cusp f i e l d  of 5 
t o  10 percent of t h e  center  f i e l d  i s  produced by an a r r a y  of four  l i n e a r  con- 
ductors (" Iof fe  bars") equal ly  spaced around t h e  inner diameter of t h e  c o i l  
forms. The design, fabr ica t ion ,  and operation of t h i s  system of superconduct- 
ing c o i l s  are described. 
A 
DESIGN AND FABRICATION OF COILS 
Fie ld  Requirements 
The c o i l  design t o  produce t h e  2 : l  mirror r a t i o  and maximum mirror f i e l d s  
of 50 kG was straightforward. With a m i n i m u m  ins ide  diameter of 4.0 i n .  and 
using the  minimum wire lengths required t o  produce the  desired f i e lds  t h e  c o i l  
dimensions and t h e  calculated f i e l d  were as shown i n  Table I and Fig. 2.  
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INTRODUCTION 
Magnetic f i e l d s  f o r  plasma physics experiments have been produced i n  many 
s i z e s ,  configurations,  and f ie ld  strengths.  I n  many cases t h e  experiments have 
been handicapped by l i m i t e d  power, l imited f i e l d  s t rength,  or durat ion of exper- 
iments by i n s u f f i c i e n t  power or inadequate cooling f o r  t h e  magnet c o i l s .  I n  
addi t ion,  the heavy c o i l s ,  support s t ructure ,  and cooling passages have i n t e r -  
fe red  with f r e e  access t o  the  centerline of t h e  magnetic f i e l d s .  
Now, the  r a p i d l y  developing techniques of manufacture of superconducting 
magnets o f f e r s  a so lu t ion  t o  these  d i f f i c u l t i e s  while introducing only t h e  addi- 
t i o n a l  problem of liquid-helium environment f o r  t h e  magnetic c o i l s .  
Research Center of NASA has been studying t h e  appl ica t ion  of superconducing 
magnets t o  plasma physics. 
The L e w i s  
One such apparatus, described by Roth[l] ,  has per- 
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formed wel l  i n  a c t u a l  use during t h e  past  several  months. This device cons is t s  
of a s p l i t  pair  o f  superconducting c o i l s  each enclosed i n  i t s  separate helium 
dewar. 
rods of d i f fe ren t  lengths. 
and the  separation can be varied from approximately 6 t o  21 in.  The system of 
c o i l s  described i n  t h i s  paper w a s  designed t o  study t h e  use of superconducting 
c o i l s  at higher f i e l d s  and i n  other configurations than those now i n  use for 
plasma physics experiments at  Lewis Research Center, Among t h e  configurations 
t o  be studied a r e  those deemed most su i tab le  f o r  s tab le  plasma containment 
(such as t h e  Ioffe cusp f i e l d s L 2 ]  ) . 
methods of r e f s  3 t o  5) t o  produce 50 kG on t h e  c e n t r a l  a x i s  ( see  Fig. 1). 
mirror r a t i o  of 2 w a s  provided and a more uniform c e n t r a l  f i e l d  was produced by 
i n s e r t i n g  a t h i r d  c o i l  between t h e  s p l i t  pa i r .  I n  addi t ion  a cusp f i e l d  of 5 
t o  10 percent of t h e  center  f i e l d  i s  produced by an a r r a y  of four  l i n e a r  con- 
ductors ("Ioffe  bws") equal ly  spaced around t h e  inner diameter of t h e  c o i l  
forms. 
ing c o i l s  are described. 
The separation between t h e  dewars i s  adjustable  by i n s e r t i n g  support 
The inner diameter of t h e  25-kG c o i l s  i s  about 7 in .  
The mirror c o i l s  were designed (using the  
A 
The design, fabr ica t ion ,  and operation of t h i s  system of superconduct- 
DESIGN AND FABRICATION OF COILS 
Fie ld  Requirements 
The c o i l  design t o  produce t h e  2 : l  mirror r a t i o  and maximum mirror f i e lds  
of 50 kG w a s  straightforward. 
using t h e  m i n i m u m  wire lengths required t o  produce the  desired f i e l d s  t h e  c o i l  
dimensions and the  calculated f i e l d  were as shown i n  Table I and Fig. 2. 
With a minimum ins ide  diameter of 4.0 in .  and 
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Figure 2 shows t h a t  t h e  design mirror r a t i o  and f i e l d  s t rengths  are 
c lose ly  achieved with t h e  c o i l  dimensions indicated i n  Table I. 
between the c o i l s  i s  s u f f i c i e n t  t o  provide access  t o  t h e  center  l i n e  of t h e  
f i e l d  i f  necessary by construct ing the  c o i l  forms so t h a t  magnets can be placed 
i n  individual  dewars. Additional windings on t h e  center  c o i l  could shape t h e  
f i e l d  i n t o  other  des i rab le  configurations.  
The spacing 
The design of the cusp f i e l d ,  however, presented some problems of i t s  
own. 
which w i l l  operate i n  t h e  high f i e l d  close t o  t h e  inner windings of the  c o i l s .  
The performance of these  conductors i s  of course affec5ed by t h e  background 
f i e l d  of t h e  main c o i l s  and by the  methods used t o  introduce t h e  current  i n t o  
them. 
It i s  necessary t o  design a system of l i n e a r  conductors ( " Io f f e  bars") 
The winding scheme of t h e  Io f f e  co i l s  i s  shown i n  Fig. 3. Since very high 
current  superconductors, as w e l l  as f l u x  pumps t o  power them, a r e  not ava i lab le  
at t h e  present  t i m e ,  it w a s  necessary t o  design these c o i l s  of many tu rns  of 
superconducting wire carying a modest current.  The parameters of t h e  c o i l s  a r e  
shown i n  Table I. 
Calculations f o r  f i e l d  configurations such as these  I o f f e  bars are a v a i l -  
able i n  t h e  l i t e r a t u r e  (see r e f .  [SI f o r  ins tance . ) ,  but f o r  t h e  present  design 
t h e  ca lcu la t ions  were performed on the  IBM 7090 t o  give t a b l e s  of desired 
f i e l d s  i n  terms of t he  geametrical  dimensions of t h e  c o i l s .  The r e s u l t s  of t h i s  
s tudy f o r  a quadrupole f i e l d  a r e  shown i n  Fig. 4(a) where the  constant f i e l d  
s t r eng th  contours are shown. 
t h e  magnetic l i n e s  of force  produced by the  I o f f e  c o i l .  
Fig. 4(b)  is  an i r o n  f i l i n g  pictograph which shows 
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Select ion of Materials 
I n  t h e  design of t h e  c o i l s ,  p a r t i c u l a r l y  i n  t h e  choice of f i e l d  s t rengths ,  
t h e  a v a i l a b i l i t y  and c h a r a c t e r i s t i c s  of superconducting mater ia l s  w a s  carefu l ly  
considered. Because of t h e  s t a t e  of development of the  superconducting mater ia ls  
and t h e  magnitude of t h e  desired f i e l d s ,  it was decided t o  use Nb-Zr, NbTi, or 
a combination of the  two f o r  these c o i l s .  An evaluation of ava i lab le  NbZr and 
NbTi mater ia ls  w a s  undertaken t o  determine t h e  bes t  mater ia l  for winding t h e  
c o i l s .  Single wires 0.010 i n .  i n  diameter and 7-stranded cable of the  same 
wire were procured and evaluated. The r e s u l t s  of t h e  evaluation were t h a t  
NB-25$ Zr i n  the 7-stranded cable would produce the  desired c o i l s  most econom- 
~ 
I i c a l l y  considering cost  of mater ia l  and time required t o  f a b r i c a t e  t h e  c o i l s .  
The qua l i ty  of t h e  mater ia l  as a superconductor var ied widely depending on 
the  wire manufacturer, the  copper p l a t e  on t h e  wire, t h e  presence of indium as 
a pot t ing  metal f o r  the  cables,  and the insulat ion.  If t h e  copper p l a t i n g  w a s  
t h i n  and flaky, the cable or wire w a s  much poorer magnet mater ia l  and more sub- 
j e c t  t o  damage when t h e  c o i l s  were driven normal. The thickness  and uniformity 
of t h e  insulat ion was a l s o  an important consideration i n  e l iminat ing shor t s  
between turns.  
l 
The mater ia ls  se lec ted  as a r e s u l t  of these  preliminary t e s t s  w a s  more 
than adequate t o  produce t h e  design c o i l s  and has performed wel l  i n  use. 
Description of Coils 
The ac tua l  c o i l s  and forms produced are shown i n  Fig. 5. The mirror c o i l s  
a r e  wound of 7-strand Nb-25% Zr cable,  each wire of which i s  individual ly  copper- 
plated.  
metal (99.999% indium) and insulated with mylar insu la t ion .  
The e n t i r e  cable,  a f t e r  stranding, i s  impregnated with pure indium 
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There have been no s igni f icant  differences i n  performance between t h e  
design c o i l s  and t h e  fabr ica ted  co i l s .  
what smaller i n  diameter than t h a t  used i n  t h e  design. This difference d id  
not complicate t h e  winding of the  c o i l s .  Aluminum f o i l  w a s  wound between t h e  
layers  t o  help provide protect ion f o r  the c o i l s  on going normal. 
The production cable i s  a c t u a l l y  some- 
The center c o i l  (Coi l  B) i s  wound of 7-strand cable a l so .  The cable i s  
i d e n t i c a l  t o  tha t  of c o i l s  A and C except it i s  not impregnated with indium metal. 
Coil  D, ( I o f f e  b a r s )  i s  wound of the same 7-strand Nb-25$ Zr cable as c o i l  C. 
The c o i l  forms i n  a l l  cases a r e  s t a i n l e s s - s t e e l  tubing with f langes of 
s t a i n l e s s  steel  welded t o  t h e  tubing. I n  t h e  case of c o i l  D, the  turns  a r e  
r e s t r a i n e d  by a ha l f  tube of s t a i n l e s s  s t e e l  welded t o  a center  tube of s t a i n l e s s  
s t e e l ,  as shown i n  Fig. 3. I n  t h i s  c o i l ,  t h e  superconducting cable i s  held i n  
place by an epoxy pot t ing  campound which i s  e a s i l y  removed by a solvent if 
changes need t o  b e  made i n  t h e  number of t u r n s  or i n  t h e  wire i t s e l f .  
I n  c o i l s  A, B, and C,  i n t e r t u r n  insu la t ion  i s  provided by mylar tape  but no 
pot t ing  compound w a s  used. The individual t u r n s  of t h e  c o i l s  a r e  wound t i g h t l y  
under s u f f i c i e n t  tens ion  t o  prevent movement of t h e  conductors i n  t h e  magnetic 
f i e l d .  Such movement almost invariably causes a t r a n s i t i o n  from t h e  supercon- 
ducting t o  normal res i s tance .  
nylon f i s h i n g  l i n e  on t h e  outside of the w i r e .  
The turns  are f u r t h e r  r e s t r a i n e d  by a winding of 
The normal-to-superconducting contacts were formed by soldering with indium 
solder ,  t h e  superconducting cables t o  copper channels that were bol ted t o  t h e  
c o i l  forms using nylon b o l t s  f o r  insulation. The copper channels were soldered 
t o  mesh copper conductors t h a t  could be fanned out t o  insure good contact with 
t h e  l i q u i d  helium. The res i s tance  of the connections (superconducting t o  normal) 
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made i n  t h i s  manner were of the  order of 
f o r  t e s t i n g  the magnet c o i l s .  
type c o i l s ,  but such switches could e a s i l y  be included if  desired.  
ohms and were qui te  s u f f i c i e n t  
No p e r s i s t e n t  switches were included i n  t h e  proto- 
RFSULTS AND DISCUSSION 
The r e s u l t s  of the  preliminary t e s t s  on t h e  separate c o i l s  and the  t e s t s  
on t h e  f i n a l  configuration a r e  given i n  a s e r i e s  of graphs. 
show the  data obtained with the  c o i l s  shown i n  Fig. 5. These f igures  a r e  X-Y 
p l o t s  of the  a c t u a l  tests showing the  charging current  on the ordinate  and t i n e  
on t h e  abscissa.  
Figures 6 t o  10 
The curves present a charging h i s t o r y  of the  c o i l s .  
Figures 6 t o  8 show t h e  r e s u l t s  f o r  the  mirror c o i l s  A and C and t h e  center  
c o i l  B t e s t e d  alone with t h e  remaining c o i l s  shorted by a s i l i c o n  diode outside 
the  dewar. The sharp break i n  the  curve i s  the  t r a n s i t i o n  point from super- 
conducting t o  normal s t a t e .  
currents  ( 1 6 7 ,  1 7 3 ,  and 180 A f o r  c o i l s  A, C ,  and B respec t ive ly)  a r e  not 
s i g n i f i c a n t l y  less than t h e  design values of 175A. Since more turns  were 
a c t u a l l y  wound on the  c o i l s  than t h e  design requirements, the  f i e l d  requirements 
were e a s i l y  met. 
magnetic f i e l d  are shown on the  f i g u r e s  a lso.  
It can be seen from t h e  data t h a t  t h e  c r i t i c a l  
I n  t h e  case of these t h r e e  c o i l s  t h e  respect ive values of t h e  
Figure 9 shows the  r e s u l t  of powering t h e  three  c o i l s  A, B y  and C i n  series. 
The c r i t i c a l  current of 1 5 2  A gave a c e n t r a l  f i e l d  on the a x i s  of the  mirror c o i l s  
Of 47.0 kG which i s  within 34'0 of t h e  design f i e l d .  
working of the superconducting-to-normal contacts  and perhaps winding a few more 
t u r n s  on the  center  c o i l  w i l l  r e s u l t  i n  operation at  t h e  design f i e l d  values.  
It i s  expected t h a t  f i n a l  
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Figure 10 shows t h e  charging h i s to ry  of t h e  I o f f e  bars alone. The 
c r i t i c a l  current  i n  t h i s  run was 234 A which i s  s u f f i c i e n t  t o  give t h e  5 t o  
10% of t h e  center  f i e l d  of c o i l  B which i s  required by t h e  design. 
Tests of a l l  four  c o i l s  i n  s e r i e s  cons is ten t ly  r e su l t ed  i n  t r a n s i t i o n  
from superconducting-to-normal operation when t h e  current  reached 85 t o  95 A. 
This r e s u l t  pointed out t h a t  s e r i e s  operation of a l l  four  c o i l s  i s  impract ical  
and t h a t  t h e  Iof fe  bars, and perhaps the center  c o i l ,  require  separate  power 
suppl ies .  
and the  r e s u l t s  may be expected i n  time f o r  t h e  o r a l  presentat ion.  
A t  t h e  time of preparat ion of t h i s  paper these  t e s t s  were underway 
The r e s u l t s  of t h e  tes ts  (which show that r e l a t i v e l y  large cur ren ts  are 
required t o  power c o i l s  wound with superconducting cables )  ind ica te  t h e  need 
f o r  a f l u x  pump or same s i m i l a r  device for charging superconducting magnets. 
The need f o r  s eve ra l  l eads  of la rge  cross sec t ion  going i n t o  the  liquid-helium 
dewar increases  t h e  hea t  leak i n t o  t h e  dewar and r e s u l t s  i n  la rge  consumption 
of l i q u i d  helium. 
CONCLUSIONS 
A superconducting magnetic b o t t l e  cons is t ing  of two mirror c o i l s ,  a c e n t r a l  
f i e l d  c o i l ,  and a quadrupole ( I o f f e )  f i e l d  c o i l  has been designed and t e s t s  of t he  
components a r e  described. The mirror r a t i o  of t he  f i e l d  i s  2 : l  and t h e  f i e l d  
strengc-n of the  is 50 kG. --- .--L-.---.- ;l?.n\.i..-.+.-.-n .-.P +kP. -'rv.-.n .-ni 1 c ~ i i c  i i r k c r  uai uLauL uc.A uLLb v- ---A- 
i s  4 inches.  
c o i l  was observed due t o  in t e rac t ion  with t h e  mainmagnetic f i e l d  of t h e  b o t t l e  
when t h e  c o i l s  were operated i n  se r i e s .  
Some degradation i n  current-carrying capab i l i t y  of t h e  I o f f e  f i e l d  
a 
BO 
H 
H C  
I 
L 
2 
NL 
NT 
a 
P 
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NOTATION 
c o i l  radius,  in .  
f i e l d  at  center  of c o i l ,  kG 
f i e l d  s t rength,  kG 
c r i t i c a l  f i e l d  
current ,  A 
length o f  windings, 
length of wire, f t  
number o f  l ayers  
number of t u rns  
in .  
ou ter  diameter /inner diameter 
length o f  windings/inner diameter 
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Fig. 1. Magnetic mirror configuration for plasma physics experiments. 
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Fig. 2. Design parameters far magnetic coils ( I  assumed = 25Alstrand or 175 An-strand 
cable, current density - 1. &lo4 Alsq cm). 
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Fig. 3. loffe bar coil form. 
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Fig. 4. Magnetic field of loffe bars. 
Figure 5. -Magnetic bottle. 
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Fig. 6. Charging history, coil A alone. 
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Fig. 9. Charging history, coils A, C, and B i n  series. 
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Fig. 10. Charging history, coil D alone. 
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